The aim of this work was to explore the comparative epidemiology of influenza viruses, H5N1 and H7N9, in both bird and human populations. Specifically, the article examines similarities and differences between the two viruses in their genetic characteristics, distribution patterns in human and bird populations and postulated mechanisms of global spread. In summary, H5N1 is pathogenic in birds, while H7N9 is not. Yet both have caused sporadic human cases, without evidence of sustained, human-to-human spread. The number of H7N9 human cases in the first year following its emergence far exceeded that of H5N1 over the same time frame. Despite the higher incidence of H7N9, the spatial distribution of H5N1 within a comparable time frame is considerably greater than that of H7N9, both within China and globally. The pattern of spread of H5N1 in humans and birds around the world is consistent with spread through wild bird migration and poultry trade activities. In contrast, human cases of H7N9 and isolations of H7N9 in birds and the environment have largely occurred in a number of contiguous provinces in south-eastern China. Although rates of contact with birds appear to be similar in H5N1 and H7N9 cases, there is a predominance of incidental contact reported for H7N9 as opposed to close, high-risk contact for H5N1. Despite the high number of human cases of H7N9 and the assumed transmission being from birds, the corresponding level of H7N9 virus in birds in surveillance studies has been low, particularly in poultry farms. H7N9 viruses are also diversifying at a much greater rate than H5N1 viruses. Analyses of certain H7N9 strains demonstrate similarities with engineered transmissible H5N1 viruses which make it more adaptable to the human respiratory tract. These differences in the human and bird epidemiology of H5N1 and H7N9 raise unanswered questions as to how H7N9 has spread, which should be investigated further.
Introduction
Avian influenza viruses (AIVs) are divided on the basis of their pathogenicity in chickens into highly pathogenic (HPAI) viruses and low pathogenic (LPAI) viruses . Most AIVs are LPAI and are asymptomatic in most bird hosts. However, some subtypes, including H5 and H7, undergo antigenic shift and drift, thereby developing into HPAI viruses which may cause high rates of mortality among their hosts (Munster et al., 2005; Duan et al., 2007) . There are both HPAI and LPAI types of H5N1, with the majority of reported H5N1 being of the HPAI type, and only a few sporadic reports of LPAI H5N1 in Korea, Japan and North America (Spackman et al., 2007; Kim et al., 2011) . Unlike H5N1, the novel H7N9 is only a LPAI virus, and infections to date have been predominantly asymptomatic (Pantin-Jackwood et al., 2014) . Despite these classifications, actual pathogenic potential varies according to the individual host, viral strain and environmental pressures. For instance, HPAI viruses can exist in geese and ducks asymptomatically (Kida et al., 1980; Chen et al., 2004; Hulse-Post et al., 2005; Sturm-Ramirez et al., 2005; Songserm et al., 2006b; Gaidet et al., 2008) .
The ability for a virus to transmit from one species to another depends on many factors including viral mutation rate, level of exposure to infected avian species, host susceptibility, social or environmental conditions conducive for virus transmission and sometimes the availability of an intermediate host (most commonly pigs) which acts as a genetic mixing vessel between birds and humans To et al., 2013) . There are currently approximately 103 AIVs circulating among wild bird and domestic poultry populations, out 144 known AIVs . Of these, eight have been reported to transmit to humans , with only H5N1 and H7N9 having demonstrated high pathogenicity.
The most familiar zoonotic AIV, H5N1, first emerged in humans in 1997 in Hong Kong and then re-emerged in Mainland China in 2003. Of the 21 recorded AIV outbreaks in poultry prior to 2003, two were caused by H5N1 (in Great Britain 1959 and 1991) (Morris and Jackson, 2005) . With the exception of H5N1, these outbreaks were largely contained through interventions such as culling and vaccination. Examples include outbreaks of H5N2 in Pennsylvania in 1983 -1984 (Bean et al., 1985 , H5N2 in Mexico in 1993 (Horimoto et al., 1995) and nine other HPAI outbreaks which occurred in Europe, North America and Australia (Alexander, 2007; Peiris et al., 2007) . In contrast, the 1997 H5N1 virus was the first AIV to remain endemic in parts of Asia for over 16 years (Sims and Jeggo, 2014) . Since its re-emergence in 2003, H5N1 has remained endemic in birds, with ongoing sporadic human cases. Spread of H5N1 among birds occurs through domestic poultry trading activities, and wild birds are thought to also play a role, due to their mobility across flyways which extend up to 2600 km (Takekawa et al., 2013) . Spread of H5N1 to humans mostly occurs through close poultry contact; however, human-to-human transmission is suspected to have occurred in rare cases Yang et al., 2007b) .
In 2013, a new zoonotic AIV, H7N9, emerged in humans in China, with a small number of cases reported in a few other countries. This article compares the viral and epidemiological characteristics of H5N1 and H7N9 in birds and humans, to understand the emergence of H7N9 in the context of what is known historically about H5N1.
Materials and Methods
We reviewed research investigating the genetic characteristics, epidemiology and mechanisms of global spread of H5N1 and H7N9 in birds and humans. A search was conducted through Google Scholar and OVID BIO-SIS using the key terms 'avian influenza', 'H5N1' and 'H7N9'. Articles were limited to those in published in the English language and those that had been published by August 2014. Additional articles were identified by iteratively searching each article's cited reference sections.
The human and bird epidemiology of H5N1 and H7N9 was compared over the same time period of the first year following the occurrence of the first human case of each virus. For H5N1, we included both the year following its emergence (10 May 1997-9 May 1998) and re-emergence (25 November 2003 -24 November 2004 . For H7N9, we included the year of 19 February 2013-18 February 2014. We compiled data on the frequency of laboratory-confirmed human cases of H5N1 and H7N9 reported to the World Health Organization (WHO) by location and day, month and year of illness onset using the archives of the WHO Global Outbreak and Alert Response Network (World Health Organization, 2014b) and cumulative case numbers reported in monthly risk assessment summaries and data reports released by the World Health Organization (2014a,c).
We compiled data on the frequency of laboratory-confirmed outbreaks of H5N1 and H7N9 in bird species by date, bird type (i.e. domestic poultry or wild bird) and location using the Food and Agriculture Organization's (FAO) EMPRES-i Global Animal Disease Information System (Food and Agriculture Organisation of the United Nations, 2014), the World Animal Health Information Database Interface (World Organisation for Animal Health, 2014) and articles identified using the method outlined above. We compiled these data for human and bird cases into a database in Microsoft Excel â with information on each case's species (human, domestic poultry or wild bird), country, date of illness onset and, in the case of domestic poultry, if available the place of infection (live bird market (LBM) or poultry farm). If information was available, poultry farms were classified as either a commercial farm or a backyard farm. In this review, commercial farms were defined as those that produce birds as egg or meat market products or live products to LBMs (sector 1, 2 or 3 farms as defined by the FAO), and backyard farms were defined as those that hold birds for local consumption (sector 4 farms as defined by the FAO). A few articles describe households which keep poultry; we classified such households as backyard farms. Using these data, we created an epidemic curve showing the frequency of laboratory-confirmed human cases of H5N1 and H7N9 in the year following the initial case of each virus using Microsoft Excel â (see Fig. 1 ). For a small proportion of cases (2.2% of H7N9 cases and 27.9% of H5N1 cases), precise information on the date of illness onset was unavailable. For these cases, we estimated the date of illness onset using the middle date of a known date range for the particular case. Maps were also created to compare the spatial distribution of laboratory-confirmed cases of H5N1 and H7N9 in humans and birds in the year following the initial human case of each virus (see Fig. 2 ). The maps were created by exporting incidence data categorized by country and Chinese province into ArcGIS â soft- 2014) . Shapefiles used to produce background maps of the relevant countries and Chinese provinces were obtained from publically available sources created by the ArcGIS â community. Maps were visually enhanced using Adobe Photoshop CS5 â .
Results
The key genetic and epidemiological characteristics of H5N1 and H7N9 are summarized in Table 1 . A number of important differences are apparent. Regarding human cases, median ages, gender distributions, cumulative number of cases over comparable time periods and case fatality rates differ markedly between the two viruses. Regarding birds, detection rates are lower for H7N9, particularly in farms. Information on the type of farms that were tested was not available in most cases. Genetic analyses show H5N1 and H7N9 have similarly likely emerged through reassortment of AIVs isolated in both domestic and wild birds, although the rate of genetic evolution differs considerably.
Genetic characteristics of H5N1 and H7N9
New AIVs can arise from either point mutation, recombination of partial genes, or genetic reassortment of whole genes. Point mutations are responsible for most AIV evolution (Sims and Jeggo, 2014) . The genesis of both H5N1 and H7N9 occurred through genetic reassortment (Sims and Jeggo, 2014) . Analysis of individual HA, NA and internal genes of the first 1997 Hong Kong H5N1 virus (Xu et al., 1999) and selected 2013 H7N9 viruses (Gao et al., 2013b; Kageyama et al., 2013; Liu et al., 2013) showed similarities to various AIVs that have been previously isolated from both domestic and wild bird species, listed in Table 1 . Notably, both viruses have internal genes which are derived from H9N2 viruses. In the 18 years since the first isolation of H5N1 in 1996, there have only been sporadic reports of new genetic variants, occurring in poultry in Hong Kong in 2000 and 2001 Webster et al., 2002) , in two humans in 2003 , and in wild birds in 2005 (Liu et al., 2005; Chen et al., 2006a) . This list excludes the 1998 isolation in humans that was closely related to the original H5N1. From 1996 to 2001, there have been only six reported H5N1 reassorted genotypes in birds (A, B, C, D, E and X 0 ) and, from 2002 to 2004, only eight new H5N1 genotypes (V, W, X 1 , X 2 , X 3 , Y, Z and Z + ) (Macken et al., 2006; Le and Nguyen, 2014) . Zhao et al. (2008) reported that there were 21 reassortants of H5N1 by 2007. H5N1 viruses belonging to genotype Z make up the majority of H5N1 viruses isolated, with 60 of the 62 H5N1 isolates from 2003 being of this genotype . In contrast, H7N9 is evolving and diversifying at a faster rate. The genetic reassortment of H7N9 considerably exceeds that of H5N1, with 27 genotypes documented in <4 months (Cui et al., 2014) . The 'G0' genotype series are dominant in human H7N9 isolates, and the G0 and G2 genotype series are dominant in poultry H7N9
isolates (Cui et al., 2014) . Most H7N9 genotypes were detected around the Yangtze River delta area in China .
Analyses of certain H7N9 strains demonstrate similarities with engineered transmissible H5N1 viruses (Herfst et al., 2012; Imai et al., 2012) . Examples of the major mutations demonstrating human tropism have been identified by Gao et al. (2013b) and are outlined in Table 1 . The T160A mutation decreases affinity to 'avian' a 2,3 sialic acid receptors, the Q226L substitution results in preferential binding to human tracheal epithelia, and the E627K mutation enables easier replication in mammalian cells. Gao et al. (2013b) additionally noted amino acid deletions in the stalk region of NA that are similar to deletions seen previously in a naturally occurring H5N1 and are associated with a change to respiratory tract tropism in chickens from intestinal tract tropism (Sorrell et al., 2010) and enhanced viral replication (Baigent and McCauley, 2001) . As intensive farming and densely housed small spaces are conducive to respiratory transmission, H5N1 viruses which have been circulating among housed gallinaceous (landbased) poultry have adapted to favour oropharyngeal excretion and airborne transmission (Lebarbenchon et al., 2010) . For H7N9, an experimental study showed that the virus demonstrates tropism towards the upper respiratory tract particularly in poultry, with viral shedding occurring more at the oropharyngeal region in chickens and quails, compared to ducks and geese (Pantin-Jackwood et al., 2014) . The novel H7N9 is therefore better adapted to transmission in land-based poultry rather than wild waterfowl, suggesting that the endemicity of AIVs circulating in (Hoffmann et al., 2000) H7N9 found during sampling of wild birds of unknown species in South Korea (Kim et al., 2012) ; H11N9 isolated from a mallard duck (Anas platyrhynchos) in Czech Republic in 2010 (Nagy et al., 2014) ; H7N9 isolated from a common teal (Anas crecca), in Spain in 2008 (Busquets et al., 2010) Internal gene similarities H9N2 found in a quail (unknown if specifically a Japanese quail, Coturnix japonica) (Guan et al., 1999) H9N2 virus isolated from a brambling (Fringilla montifringilla) in Beijing In wild birds <0.01 (3/10 761) (Gilbert et al., 2012) ; <0.01 (24/2414) (Happold et al., 2008) ; 0.02 (14/728) ; 0 (0/5460) (Wee et al., 2006) <0.01 (1/2198) c Incubation period (minimum number of days from inoculation to shedding) 1 (Spekreijse et al., 2011) 2 (Pantin-Jackwood et al., 2014) (however, shedding was not measured at day 1 post-inoculation) Estimated R0 2.26 (95% CI, 2.01-2.55) to 2.64 (95% CI, 2.02-3.47) (Tiensin et al., 2007) Not yet quantifiable (Pinsent et al., 2014) Human Median age 18-26 years (Sedyaningsih et al., 2007; Liem et al., 2009; Cowling et al., 2013) Approximately 62 years (Cowling et al., 2013) Gender differences Gender differences vary between countries (Abdel- Ghafar et al., 2008) , no gender difference in China (Cowling et al., 2013) 67% of cases in China are male. More males in urban areas and no gender difference in rural areas (Cowling et al., 2013) (continued)
poultry may now play a dominant role in the genesis of new viruses, surpassing that of wild waterfowl.
Distribution of H5N1 and H7N9
In 1997, outbreaks of HPAI H5N1 were reported in three commercial chicken farms in Hong Kong (Shortridge et al., 1998) . In the same year, 18 human cases of H5N1 were reported in Hong Kong. An H5N1 virus isolated from a human case in Hong Kong showed similarities to an H5N1 virus previously isolated from a sick goose in Guangdong Province, China, in 1996 (Xu et al., 1999) . From 1997 to 2003, limited bird outbreaks were detected in Hong Kong and China (Cauthen et al., 2000; Chen et al., 2004; Li et al., 2004) but no human cases. In February 2003, the virus re-emerged among humans in China, and from 2003 to 2005, poultry outbreaks were detected in multiple countries in Asia (World Health Organization, 2011) . Human cases occurred sporadically in these countries, predominantly Thailand, Vietnam, Cambodia, Indonesia and China, with cases typically coinciding with or following poultry outbreaks (World Health Organization, 2011) . In April 2005, the first mass outbreak of HPAI H5N1 in wild birds was reported in Qinghai Lake, China -a significant stopover site within the Central Asian Flyway (Chen et al., 2006a) . In July 2005, the same H5N1 virus isolated in Qinghai was reported in dead migratory birds in Russia, the first country to report H5N1 outside Asia (World Health Organization, 2011). Thereafter, H5N1 began to be reported in poultry and wild birds in Europe, Africa and the Middle East, as well as continuing in Asia (World Health Organization, 2011) . Similarly, human cases began to be reported in Africa and the Middle East, predominantly in Egypt, as well as continuing to be reported in Asia (World Health Organization, 2011).
H7N9 was first reported among humans in Shanghai, China, in February 2013, and first detected in poultry and wild birds in Mainland China in April 2013. To date, the virus has been detected in domestic poultry in 13 provinces in eastern Mainland China as well as once in Hong Kong (Food and Agriculture Organisation of the United Nations, 2014), and it has been reported in humans in 13 contiguous provinces in eastern Mainland China, as well as non-contiguous Jilin in northern Mainland China (World Health Organization, 2014c). Less than 5% of human cases have been reported in countries other than China, including Hong Kong, Taiwan and Malaysia, and these cases travelled to affected areas of China prior to illness onset (World Health Organization, 2014c) . From 2004 to 2005, H5N1 human cases were reported in a far larger number of Chinese municipalities, provinces and autonomous regions (26/31 regions) than H7N9 human cases to date (15/31 regions) (Fang et al., 2008; Wan et al., 2011) . Table S1 and S2 in the Supporting Information show the number of human cases and domestic bird outbreaks for H5N1 (Table S1 ) and H7N9 (Table S2 ) over time for each country which has reported H5N1 in humans. For H5N1, countries reporting high numbers of human cases generally report substantially higher numbers of H5N1 outbreaks in poultry. However, the reverse is true for H7N9, where the number of human cases tends to be substantially larger than the number of poultry outbreaks.
H5N1 and H7N9 in bird populations
Reported signs of H5N1 infection in chickens include cyanosis of the comb and wattles, haemorrhaging on the shanks, coughing, conjunctivitis, nasal and ocular discharge, depression and inappetence (Dubey et al., 2012; El-Zoghby et al., 2013) . On a flock level, reports have ranged from mild decreases in egg production to acute Case fatality rate 60%, higher in younger age groups (Abdel-Ghafar et al., 2008) 22%, higher in older age groups (Skowronski et al., 2013) Incubation period (days) Median: 4 (range 2-8) (Beigel et al., 2005) ; median: 5 (range 2-9.5) (Huai et al., 2008) ; mean: 3.3 (Cowling et al., 2013) ; mean: 5 (Oner et al., 2006) Median: 6 (range 1-10) , mean: 3.1 (Cowling et al., 2013) , mean: 3.3 (Yu et al., 2014a) Estimated R0 1.14 (95% CI, 0.61-2.14) (Yang et al., 2007a) , 0.06 (95% CI, 0.01-0.2) (Ferguson et al., 2004) 0.10 (Chowell et al., 2013) , 0.47 (Tang et al., 1998) Proportion of cases exposed to poultry 58-84% (Chotpitayasunondh et al., 2005 ) (Rabinowitz et al., 2012) 56-75% (Cowling et al., 2013; Gao et al., 2013a; Li et al., 2014) a Sampling techniques differ considerably between studies. Additional sources also report H7N9 from one wild pigeon (World Organisation for Animal Health, 2014) and four wild waterfowl (Ling et al., 2014) .
mortalities of up to 50% within a 24-h period (Dubey et al., 2012; El-Zoghby et al., 2013) . Waterfowl species, particularly ducks, have been reported to be infected with H5N1 asymptomatically Hulse-Post et al., 2005; Sturm-Ramirez et al., 2005; Songserm et al., 2006b) . In outbreaks in Korea, domesticated ducks infected with H5N1 resulted in no mortality, while the same virus strain was reported to have caused acute, severe disease and mortality in chickens (Lee et al., 2008) . In contrast, H5N1 has also been reported to cause severe disease and mass mortality in wild and resident waterfowl species, demonstrating the wide spectrum of clinical signs seen in these species Chen et al., 2005) . There are no reported clinical signs in H7N9-infected birds in experimental studies of chickens, pigeons, Japanese quails, mallard ducks, Pekin ducks, Muscovy ducks and Embden geese (Pantin-Jackwood et al., 2014) or in surveillance reports, with the exception of a recent report in which poultry co-infected with H9N2 showed clinical signs and mortality (Fan et al., 2014) . Genetic analysis of the HA cleavage site also shows lack of multibasic amino acids at the HA cleavage sites, indicative of high pathogenicity (Senne et al., 1996; Subbarao et al., 2003; Shi et al., 2013) .
The primary reservoirs of AIVs are considered to be wild bird species with an affinity to freshwater bodies and coastal regions, mainly from the Anseriformes and Charadriiformes families (Stallknecht and Shane, 1988; Alexander, 2007) . These species are thought to introduce AIVs (mainly LPAI types), either directly or indirectly (e.g. through shared water sources or via contaminated feed), into domestic poultry populations (Alexander, 2007) . Secondary spread by human activities is thought to be the main mechanism by which AIVs spread among poultry networks (Alexander, 2007) . Within poultry networks, LBMs in particular can play an important role in the maintenance and spread of AIV as these places typically hold many susceptible birds together in close proximity. The level of AIV circulation within a LBM, however, depends largely on its size and level of biosecurity, factors which are often not conveyed in LBM surveillance reports. Table 1 provides detection rates of H5N1 and H7N9 in birds from a range of studies, with targeted surveillance studies showing much higher detection rates than national surveillance data (Fan et al., 2014; Han et al., 2014; Wang et al., 2014a) . Detection rates of H5N1 in different bird populations (wild birds, domestic poultry) and premises (poultry farms, LBMs) vary according to country, year and sampling methods used. However, surveillance studies generally show low detection rates among wild bird populations. Among domestic poultry, surveillance studies in Egypt and China indicate that H5N1 is more prevalent in LBMs and backyard farms as opposed to commercial poultry farms (Jiang et al., 2010; El-Zoghby et al., 2013) . In LBMs, surveillance has indicated H5N1 is more prevalent where waterfowl species are the predominant species, and in farms, H5N1 is more prevalent where chickens and waterfowl species are kept together (Abdelwhab et al., 2010; El-Zoghby et al., 2013) . In a surveillance report in Nigeria, H5N1 was reported to have been largely found in backyard, small-scale and free-range farms; however, the proportion of H5N1 found across the different settings was not reported -it is not known whether the study included commercial farms as part of the surveillance . It is hence important to note that surveillance studies may be inadvertently targeting well-managed (sector 1) farms, or backyard (sector 4) farms, and may exclude farms from sectors 2 or 3 (commercial farms which sell to LBMs).
In contrast to H5N1, H7N9 has largely been isolated only from LBMs, and at low rates of 0.07% (20/280) . However, targeted surveillance shows higher rates from 4% to 66% (Han et al., 2014; Wang et al., 2014a) . To date, the only isolations in poultry farms were in a pigeon farm, two commercial farms, and one backyard farm Fan et al., 2014 ; World Organisation for Animal Health, 2014). Table 2 provides a summary of the first 12 months of emergence for both viruses, and also the re-emergence of H5N1. In the time period between 1997 and 1998, H5N1 was only reported in Hong Kong, in only at least three markets and three commercial chicken farms. However, from 2003 to 2004, the available data suggest that H5N1 was prevalent in multiple, mainly commercial, farms and LBMs and had also spread across wider area of nine countries. Over a comparable time period, H7N9 was detected in just one pigeon farm and multiple LBMs.
In contrast to outbreaks of H5N1, where hundreds to thousands of wild or domestic birds have been reported to be affected per outbreak (Sims et al., 2003; Chen et al., 2005; Kwon et al., 2005) , detection of H7N9 in wild or domestic birds is low. Detection rates in poultry range from 0.16% to 0.02% Ling et al., 2014) or 0% to 0.61% according to the national animal H7N9-monitoring reports of China's Ministry of Agriculture (see Table S3 in Supporting Information). To date, the only isolations of H7N9 in wild bird populations are from four wild waterfowl (unknown species, unspecified sampling methods) (Ling et al., 2014) , one tree sparrow (unknown species name) and one wild pigeon (possibly Streptopelia spp.) (World Organisation for Animal Health, 2014).
H5N1 and H7N9 in human populations
The human epidemiology of H5N1 and H7N9 differs significantly. The incidence per year of H7N9 is far greater than that of H5N1. There were almost 10 times more cases of H7N9 compared to H5N1 in the first year after emergence. There have been 450 laboratory-confirmed cases of H7N9 reported since its emergence in 2013, a period of <18 months, compared to only 50 human cases of H5N1 the first year of re-emergence. A total of 683 laboratory-confirmed cases reported of H5N1 have been reported over 18 years since 1997. Figure 1 illustrates this difference in magnitude by showing the epidemic curve of laboratoryconfirmed cases of H5N1 and H7N9 in the 12 months after the initial case of each virus. In this period, 18, 50 and 373 cases were reported for H5N1 (initial emergence in 1997), H5N1 (re-emergence in 2003) and H7N9, respectively. Despite the greater incidence of H7N9, the spatial distribution of H5N1 within a comparable time frame is considerably greater than that of H7N9, both within China and globally, as shown in Fig. 2 .
The viruses also show a very different age-specific epidemiology, with the median age of H5N1 cases ranging from 18 to 26 years, depending on the country of report (Sedyaningsih et al., 2007; Liem et al., 2009; Cowling et al., 2013) , and the median age of H7N9 cases approximately 62 years (Cowling et al., 2013) . In terms of gender differences in case frequency, H7N9 shows a clear male predominance (67% of cases) (Cowling et al., 2013) . For H5N1, gender differences are not large and appear to be dependent on the country of report (Abdel-Ghafar et al., 2008) . Interestingly, no gender differences in human H5N1 cases are evident in China, where they are evident for H7N9 (Cowling et al., 2013) . The case fatality rate (CFR) is also substantially higher for H5N1 (60%) (Abdel-Ghafar et al., 2008) , than for H7N9 (22%) (Skowronski et al., 2013) .
There are some similarities between the two viruses. For both viruses, the majority of cases report some contact with poultry prior to illness onset: 58% to 84% for H5N1 (Chotpitayasunondh et al., 2005; Rabinowitz et al., 2012 ) and 56% to 75% for H7N9 (Cowling et al., 2013; Gao et al., 2013a; Li et al., 2014) . However, the level of close, high-risk contact appears to be much higher for H5N1, with a large proportion of assumed contact among H7N9 cases being incidental (Cowling et al., 2013) . Cowling et al. (2013) reported that of those cases reporting poultry exposure, contact was defined in the majority of H7N9 cases as visiting live poultry markets (43 of 84), whereas the degree of contact for the majority of H5N1 cases was exposure to sick or dead poultry (16 of 41) or backyard poultry (21 of 41).
Non-sustained human-to-human transmission is suspected to have also occurred for both viruses at similar rates (Hien et al., 2004; Olsen et al., 2005; Ungchusak et al., 2005; Yang et al., 2007a; To et al., 2013; Li et al., 2014; Qiu et al., 2014) . The viruses also appear to cause similar types of influenza-like illness, along with diarrhoea, vomiting, and abdominal pain and bleeding in rare cases (Beigel et al., 2005; Kandeel et al., 2010) . Complications include acute respiratory distress syndrome, septic shock, pneumonia and multiorgan failure .
Mechanisms of spread of H5N1 and H7N9
The spread of AIVs globally is thought to be the result of transmission through wild bird migratory flyways and poultry trade routes. The seasonal migration of certain waterfowl and shorebird species, such as the ruddy shelduck (Tadorna ferruginea) and bar-headed geese (Anser indicus), is thought to facilitate the maintenance and spread of AIVs because these species travel long distances across continents and also congregate in massive numbers at stopover sites in communal water bodies, providing conducive conditions for viral transmission (Alexander, 2007) . Outbreaks occurred Mar-May 1997 (Shortridge et al., 1998; Sims et al., 2003) . More than three market stalls were infected (Sims et al., 2003) . Introduction of H5N1 into poultry populations can occur through wild bird migration (Ducatez et al., 2006; Liang et al., 2010; Prosser et al., 2011) or poultry movement and trade (Chen et al., 2006b; Kilpatrick et al., 2006; Farnsworth and Ward, 2009 ). Gilbert et al. (2006) (Liang et al., 2010) . Kilpatrick et al. (2006) collated data on phylogenetic relationships, global bird trade and wild bird migration patterns to predict how H5N1 was introduced into a particular country. The authors found that introductions of H5N1 into European countries were largely due to wild bird migrations, whereas for Asian countries, introductions were mainly or equally due to poultry trading activities. In Bangladesh and Indonesia, countries where H5N1 is endemic in poultry, H5N1 poultry outbreaks were found to be strongly associated with factors such as human population density and the number of commercial poultry per region (Loth et al., 2010; Farnsworth et al., 2011) , with Farnsworth et al. (2011) noting that movement of virus between commercial and backyard poultry likely contributed to maintenance and spread of H5N1 in Indonesia. In southern Cambodia, poultry trade consists predominantly of rural backyard farms (sector 4), with poultry movement mainly occurring uni-directionally towards only a few markets in urban regions (Van Kerkhove et al., 2009) . Studies in southern China, Cambodia and Vietnam show H5N1 introduction to markets is also largely dependent on the behaviours of live poultry traders (Martin et al., 2011; Fournie et al., 2012) . It is clear then that poultry trade routes and wild bird migration have both played a role in the spread of H5N1 globally.
Mechanisms of spread of H7N9 are less well understood. Only one study has explored the mechanism by which H7N9 is spreading within China. Ling et al. (2014) investigated 131 human patients of H7N9 up to May 2013 and suggested that H7N9 dissemination may occur in three ways: migratory birds; large farmers and wholesale distribution by logistics; and fragmented transportation. However, the limited detection of H7N9 in wild birds, LBMs and particularly poultry farms in bird surveillance studies, as discussed earlier, does not support a major role of wild bird migration and poultry trade in the spread of H7N9. Fang et al. (2013) and Gilbert et al. (2014) accurately modelled H7N9 spread using the density of LBMs as the key predictor variable. However, neither model factored in the low levels of H7N9 virus detected in LBMs. Notably, poultry trade has already played a role in introducing H7N9 to countries, as seen in Hong Kong in 2014, where a consignment of silky chickens was found to be H7N9 positive and was traced back to a commercial poultry farm in Guangdong Province, China (World Organisation for Animal Health, 2014).
Discussion
There are important differences in the patterns of spread of H5N1 and H7N9 which remain unexplained. The spread of H5N1 is clearly associated with wild bird migration pathways and poultry trade routes and shows a corresponding diverse pattern of spread, whereas for H7N9, the association with wild bird flyways or poultry trade routes is less clear, with H7N9 spread largely restricted to a number of geographically contiguous areas. H5N1 human cases have had a higher rate of exposure to sick and dead birds than those of H7N9, for which higher rates of incidental bird contact have been reported. Furthermore, the incidence and genetic diversity of H7N9 have been higher than that of H5N1, without corresponding high levels of the virus in birds and notably absent or low levels in poultry farms (farm types were not specified). Genetic analysis of H7N9 also demonstrates that the virus is better adapted to landbased poultry, yet it is not found widely in poultry. The finding of genetic sequences similar to engineered AIVs and conferring adaptation to humans is also puzzling. How H7N9 is spreading, therefore, remains uncertain. Gilbert et al. (2014) and Lam et al. (2013) have explained the large diversity of H7N9 genotypes as evidence that H7N9 may have been circulating extensively among birds prior to its emergence in humans. However, there is no evidence of extensive circulation of H7N9 in poultry prior to human infection in February 2013. Cui et al. (2014) and Yu et al. (2014b) suggest that the H9N2 virus, another AIV which is widespread in poultry in China, contributed significantly to the diversification of the H7N9 viruses through continuous reassortment events. Wang et al. (2014b) propose that the diversification of H7N9 and the ability for H7N9 to transmit between species were brought about by a genetic tuning mechanism. The authors describe the process as involving progressive amino acid substitutions and H9N2 reassortment events, with constant inter-species transmission involving species such as quails and pigeons that have mammalian-like receptors. However, the internal genes of H5N1 also resemble internal genes of H9N2 viruses, and yet, H5N1 has not diversified at the rate of H7N9.
The presence of human adaptation markers in the genetic make-up of H7N9 viruses suggests H7N9 may have been circulating and adapting in humans before the first known cases emerged in February 2013. While there is no evidence of H7N9 previously circulating in humans, the occurrence of asymptomatic human infections suggests that such cases may have occurred and gone undetected. Prior to the emergence of H7N9 in 2013, N9 influenza subtypes were not known to infect humans, and hence, all humans should have been equally susceptible to disease. However, most children who have been infected with H7N9 have presented asymptomatically, suggesting that they may have had previous exposure to H7N9 or other similar viruses (Zeng et al., 2014) . A retrospective serological study of 1544 people with occupational exposure to poultry and wild birds from eastern provinces of Mainland China indicated none had previous H7N9 infection ( Bai et al., 2013) . If the virus was not circulating prior to 2013 and yet appears to have adapted to humans, it is important to understand how this adaptation occurred and whether it could have occurred by natural random genetic mutation alone.
The gender distributions of H7N9 and H5N1 cases are very different. Biases in the age and sex distribution of human cases of H7N9 towards older males have been hypothesized to at least partially reflect differences in live poultry exposure, with some speculating that elderly males tend to visit LBMs more frequently than younger males and females (Cowling et al., 2013; Zhuang et al., 2013 ). Yet in Huzhou city, a female bias (with approximately 60% of cases female) was seen, consistent with anecdotal evidence of greater female exposure to LBMs in that city . Biases in age and sex distribution of H5N1 are more difficult to attribute to live poultry exposure. Sex biases vary considerably between countries with some countries showing no biases, some male biases and other female biases (Abdel-Ghafar et al., 2008) . Some of these biases have been attributed to local poultry practices, such as a female bias in cases in Azerbaijan (Gilsdorf et al., 2006) . Importantly, examination of this issue has typically been based on anecdotal evidence of poultry practices. Systematic study is required before conclusions can be drawn. Interestingly, in urban areas of China, H7N9 cases are biased towards males, while H5N1 cases are not sex biased (Cowling et al., 2013) . This suggests that factors other than poultry exposure play major roles in the transmission of the viruses to humans.
H7N9 infection in birds appears to have spread over contiguous provinces in south-eastern Mainland China, whereas the 2003-2004 outbreaks of H5N1 in birds occurred in over 10 Asian countries and affected a wider area of Mainland China. The concentration of H7N9 in south-eastern Mainland China may be explained by differences in poultry production in this region. Provinces in south-eastern Mainland China have greater small-holder poultry production systems, whereas north-eastern regions have greater commercial, intensive poultry production systems. The latter systems, while containing higher poultry density, generally have higher biosecurity standards. It is therefore consistent that H7N9 emerged and spread in provinces in south-eastern China. H5N1 was also predominantly isolated in humans and birds in the south-eastern provinces, consistent with poultry production practices.
To date, the low levels of H7N9 detection in poultry farms have not been investigated. These low levels and the limited spread of H7N9 outside Mainland China may be explained by reductions in poultry exports, as well as the strict poultry trade regulations and border control polices implemented in China following outbreaks of H5N1. Greater emerging disease preparedness by Chinese officials and the implementation of large-scale culling of birds and closure of live poultry trading activities immediately following H7N9 detection may have also contributed to the limited spread of H7N9 (Murhekar et al., 2013) . Additionally, the asymptomatic presentation of H7N9 in birds creates difficulties in detecting the virus.
The role of wild bird migration in the spread of H7N9 has not yet been elucidated. There have been scarce isolations of the virus in migratory wild birds, and genetically, H7N9 is better adapted to spread in domestic poultry. Additionally, naturally occurring H7N9 has yet to be found outside of China, although it may be too early to look, considering H5N1 was first reported in Europe and Africa in 2005, nearly a decade after its first emergence in 1997. An outbreak of H7N9 reported in Jilin in 2014 is highly unusual in that it is only the second time that H7N9 has been reported in a commercial poultry farm and the first time that co-infection with two LPAI viruses (H7N9 and H9N2) caused clinical illness in birds (Fan et al., 2014) .
A similar proportion of H5N1 and H7N9 human cases report any exposure to poultry prior to illness onset. However, it is important to note that the intensity of exposure associated with each virus has not been well delineated. Poultry exposure among H7N9 cases appears to largely be low level and incidental -such as walking through an LBM -while poultry exposure among H5N1 cases appears to largely be high level -such as slaughtering sick or dead birds (Cowling et al., 2013) . Incidental exposure as a transmission mechanism is biologically tenuous, especially in the context of LBMs where H7N9 prevalence has been reported to be very low. This raises questions as to the exact role of poultry exposure in the transmission of H7N9 to humans and the need to better quantify levels of exposure to understand transmission mechanisms.
The reasons for a much higher incidence of H7N9 -10 times the incidence of H5N1 in a similar time frame, despite little evidence of H7N9 in birds and the environment -are yet to be elucidated. It is possible that the reported prevalence of H7N9 in birds underestimates true prevalence due to the difficulty of detecting asymptomatic infections. However, active surveillance of poultry has also failed to detect the virus in high proportions (Ministry of Agriculture, 2014) .
It is possible that indirect contact may play a larger role in the transmission of H7N9 from birds to humans, especially considering that AIV transmission between wild birds occurs through indirect contact via contaminated water sources (Alexander, 2007) . Two strains of H7N9 were tested for their infectivity after being exposed to different environments or chemical treatments; while most other orthomyxoviridae viruses are generally sensitive to acidic conditions, H7N9 was found to be tolerant to moderately acidic and alkali conditions . It is unknown what treatments were used in the LBM stalls where H7N9 virus had been found.
It is also possible that other animal hosts, such as terrestrial non-migratory wild birds or even non-avian species, play a role in the spread of H7N9 and transmission to humans. Experimental studies of a 2013 H7N9 strain among chickens showed the virus had poor infectivity and low transmission potential, as well as inefficient ability to transmit to ferrets (mammalian models for human influenzas) (Ku et al., 2014) , demonstrating that there should be consideration of factors other than poultry exposure involved in human infection of H7N9. Analysis of genetic sequences of H7N9 from bird and humans hosts suggests potential for possible involvement of a bridge species which transmits the virus from poultry to humans (Pantin-Jackwood et al., 2014). Some researchers have suggested that other non-migratory wild bird species such as finches and pigeons may play a role in the spread of H7N9 among birds and humans (Jones et al., 2014) .
The discovery of genetic similarities between human isolates of H7N9 and those isolated from bramblings (finch-like birds from the Passeriformes order) (Kageyama et al., 2013; Zhang et al., 2013) prompted Jones et al. (2014) to investigate the role of small, terrestrial birds in H7N9 transmission, species which have been generally considered to be unlikely carriers of AIV. Experimental inoculation and transmission studies showed finches and sparrows have biological potential to serve as intermediaries for transmission among poultry and humans. Jones et al. (2014) also noted that small terrestrial birds such as these are common household pets among elderly Chinese men.
It is also possible that other non-avian species may play a role. H5N1 has been isolated in dogs (Songserm et al., 2006a; Su et al., 2014) , felines (Keawcharoen et al., 2004; Rimmelzwaan et al., 2006; Songserm et al., 2006a; Leschnik et al., 2007) , pigs (Choi et al., 2005; Zhu et al., 2008; Nidom et al., 2010 ) and a stone marten (Klopfleisch et al., 2007) . Evidence of H7N9 in feral dogs has been investigated, although findings did not show any H7N9 in these animals (Su et al., 2014) . Shriner et al. (2012) found that various AIV subtypes had the ability to replicate efficiently in wild mice without adaptation. To date, the role of rodents in spreading H7N9 has not been investigated.
There are some limitations of this review. This review relies significantly on available bird surveillance reports from published articles and online databases. Many of these sources lack information on sampling methods used; hence, sampling biases may be unaccounted for. Many sources also provide unspecific information regarding species and location of events, resulting in a scarcity of useful data. The data obtained from the OIE and FAO EMPRES-i do not contain information on the type of farm affected or type of LBM affected. With regard to human cases, available information regarding exposure to poultry is often reported ambiguously. In future, surveillance reports for bird events should contain information on specific species and place of isolation (e.g. LBM, farm and type of farm), and for humans, specific information on the level of poultry exposure should be reported.
Another limitation is that there are unquantifiable differences in the diagnosis and reporting systems across the three comparable 12-month time periods following first human occurrence of each virus. For example, a review by Ferguson et al. (2004) stated that there was no actual systematic surveillance system in place for the detection of H5N1 in animals prior to 2004 -rather, the detection of virus largely occurred following large numbers of bird morbidities or mortalities. Countries reporting H5N1 during the virus's second emergence were largely those with under-developed veterinary services infrastructures (such as Vietnam, Thailand, Indonesia), and national surveillance relied predominantly on passive reporting systems. In contrast, following the emergence of H7N9, an up-scaled national surveillance system was established, with active testing of many animal and environmental samples (Ministry of Agriculture, 2014). The absence of rigorous sampling and reporting of bird surveillance activities during both 12-month time periods for H5N1 is important to note as this weakens comparability of the two viruses, in relation to virus detection rates in birds. Some under-reporting of human cases is suspected; however, it is likely to not be extensive considering the global importance and rarity of the disease.
To conclude, for H5N1, the mechanisms of spread clearly correspond to bird migration patterns and poultry trade routes, and close contact with infected poultry plays a clear role in human infection. For H7N9, however, mechanisms of spread and transmission are far less clear. The distribution of H7N9 is unusually concentrated in a number of contiguous provinces in south-eastern Mainland China. Virological and epidemiological findings suggest there is insufficient evidence to support exposure to infected poultry as the sole risk factor for human H7N9 infection. The vastly higher rate of H7N9 human infection than H5N1 human infection in a comparable time frame is also inexplicable without a corresponding high level of H7N9 infection apparent in birds. Higher levels of infection in birds were, however, observed for H5N1 despite a much lower incidence of human cases. The high proportion of incidental bird exposure in histories of human H7N9 cases further highlights the need to quantify the level of poultry exposure as high or low level when investigating human cases. In summary, H7N9 has a very different epidemiological pattern to H5N1, in birds and humans, as well as inconsistencies in the observed pattern, with no clear explanation as to how or why this virus has affected humans at such a high rate. Further epidemiological and modelling studies may help understand the spread of this infection.
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